The aim of this work was to test the hypothesis that the reduced growth rate of wheat and barley that results when the roots are exposed to NaCI is due to inadequate turgor in the expanding cells of the leaves. The hypothesis was tested by exposing plants to 100 millimolar NaCl (which reduced their growth rates by about 20%), growing them for 7 to 10 days with their roots in pressure chambers, and applying sufficient pneumatic pressure in the chambers to offset the osmotic pressure of the NaCl, namely, 0.48 megapascals. The results showed that applying the pressure had no sustained effect (relative to unpressurized controls) on growth rates, transpiration rates, or osmotic pressures of the cell sap, in either the fully expanded or currently expanding leaf tissue, of both wheat and barley. The results indicate that the applied pressure correspondingly increased turgor in the shoot although this was not directly measured. We conclude that shoot turgor alone was not regulating the growth of these NaCl-affected plants, and, after discussing other possible influences, argue that a message arising in the roots may be regulating the growth of the shoot.
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When most plants are exposed to moderate concentrations of NaCl, their growth rates fall. The processes that induce the slower growth are unknown, but in moderately salt-tolerant plants such as many of the field crops, many experiments point to adverse water relations as being the main factor affecting growth. For example, growth rates of barley leaves fell within minutes of the roots being exposed to NaCl (6, 10) , and recovery of barley and sunflowers was likewise rapid when NaCl was removed (1 1, 15) . This rapid recovery implicates inadequate turgor in the growing cells of the leaves as the most likely cause of reduced growth, for turgor can respond very rapidly to the rise in water potential of the roots that accompanies the removal of the NaCl.
Delane et al. (6) suggested that the growth of the shoots of barley at high NaCl was limited by an insufficient supply of ions or other solutes to the growing region, resulting in insufficient osmotic solutes to generate turgor. This hypothesis cannot be tested by simply measuring turgor pressures because it is not a question of whether turgor is high or low, but whether it is limiting growth. Accordingly, we have sought to manipulate the turgor in the leaves of NaCl-affected plants, and have done so by growing wheat and barley with their roots in pressure chambers for periods of up to 10 d. Applying a pneumatic pressure to these roots raises the turgor of the leaves, although not that of the roots (14) , so (14) .
Each treatment contained three to six replicate plants. For the pressure treatment, plants that had been exposed to 100 mM for 1 to 2 d were placed in a system of six connected pressure chambers (cf. Fig. 1 [3] ) was used with a Wescor HR-33T microvoltmeter to measure the response in water potential of wheat leaves to pressure applied to the rooting medium.
RESULTS AND DISCUSSION
Adding 100 mm NaCl (r = 0.48 MPa) to the rooting medium of wheat plants caused the leaf expansion rate to fall by about 20% (Table I ). Applied pressure of 0.48 MPa made no difference to this rate as measured on a daily basis for a 7-d period (Fig. 2) . The same result was found with barley ( caused a significant increase in leaf area in the 1st d after pressurization (Fig. 2) ; therefore, in the calculations of longer term effects of pressurization (e.g. Tables I and II) , the data for day 1 were excluded. Transpiration rates were unaltered in the long term by the applied pressure. At 100 mM NaCl, transpiration rates of wheat and barley had fallen by 32 and 44%, respectively, but applied pressure made no difference to the rates (Table I) . That is, the applied pressure of 0.48 MPa did not have any long-term effect on the stomatal conductance of either species. We have previously found that exposing the roots of barley to NaCl has no effect on the overall hydraulic conductance of the plant ( 12) , so the applied pressure would presumably have caused an increase of about 0.48 MPa in the water potential of the growing tissue. There are no techniques yet available for accurately measuring the water potential ofgrowing wheat or barley leaves; the growing tissue is encased in older leaves which makes in situ psychrometry very difficult, and excising the tissue for the psychrometric measurement of its water potential is almost certain to result in substantial changes in water potential before the measurements can be made (4) . Nevertheless, our conjecture that the water potential of the growing tissue is raised by 0.48 MPa in the pressurized plants is supported by measurements of the water potential of fully expanded leaves using an in situ psychrometer. In a constant environment, raising the pressure in the rooting medium of a wheat plant raised the leaf water potential by essentially the same amount, with any discrepancy being less than 30 kPa. Nulsen et al. (13) found the same with corn whose roots were pressurized in the same way as here. Thus, although we have no measurements of leaf water potential in growing tissue, it seems reasonable to conclude that the applied pressure would have counter-balanced the osmotic effect of the NaCI on the hydrostatic pressure of the transpiration stream and therefore on the water potential of the whole shoot.
The osmotic pressures of expressed sap from fully expanded leaves of wheat were measured at the end of the experimental period. The ir of the NaCI-treated plants was higher than the controls', and unaffected by the applied pressure (Table II) . This indicates that the turgor of the transpiring leaves presumably increased by the same amount as the applied pressure, i.e. 0.48 MPa. Consistent with this is the observation from glasshouse experiments that, on very dull days, guttation occurred in the pressurized salt-treated plants and the control plants without salt, but not in the unpressurized salt-treated plants. The growing tissue that was dissected from the base of the shoot also showed no significant change in osmotic pressure as a result of applied pressure (Table II) . Thus, the turgor of this tissue presumably had also increased by 0.48 MPa, assuming that the water potential had increased in parallel with the applied pressure. These data indicate that the osmotic pressure of both the growing and nongrowing tissue is not regulated by changes in turgor: if it were, then r of the NaCl-treated cells would have fallen once the pressure was applied.
GENERAL DISCUSSION
The above results indicate that applied pressure increased the turgor of the cells in shoots of barley and wheat plants, but did not have a lasting effect on growth rate. The responses are analogous to those reported for experiments with the giant alga, Nitella, by Green et al. (7) . The growth rate of Nitella changed immediately after turgor was changed, but after 15 min it returned to its initial value. Green et al. (7) described the instantaneous response to turgor in terms of:
where r is growth rate, P is turgor, Y is threshold turgor, and m is yielding tendency. Their data indicated that after P was artifically increased, a wall-hardening process caused an increase in Y so that r returned to the initial rate, an explanation that would fit our data. This suggests that turgor pressure does not control the rate of cell growth, and that exposure to NaCl affects some other process that controls the rate of cell growth. What Limits the Growth of NaCI-Treated Plants? If the growth at high NaCl was limited by an insufficient supply of ions or other solutes to the growing region, resulting in insufficient osmotic solutes to generate turgor, raising the turgor by applying pressure would have reduced the need for these solutes. Growth Plant Physiol. Vol. 77, 1985 was not improved, so we conclude that turgor and, therefore, the processes generating turgor, are not limiting shoot growth. Turgor, although it presumably is necessary for growth, is not regulating shoot growth but is overridden by some other factor.
It is possible that the cells of the growing region of the shoot have an inadequate supply ofassimilate, owing to photosynthesis being affected, or that they are suffering from some other metabolic upset, such as the poisoning of an important enzyme by a high local concentration of Na+ or Cl-. However, the concentration of soluble and insoluble carbohydrates increases in both expanding and fully expanded leaves in NaCl-affected barley plants, which suggests that assimilate is in ample supply (1 1). Furthermore, the growth rate ofNaCl-treated plants responds so rapidly to the removal of NaCl from around the roots (1 1, 15 ) that specific effects of Na+ or Cl-on metabolism in the leaves seem to be ruled out: the recovery of growth occurs much faster than the cellular concentrations of Na+ or Cl-are substantially lowered (I 1).
Another possibility is that the status of the root is regulating the growth of the shoot via a message moving from the root to the shoot. Whether the message depends on the root's water or ionic status cannot be distinguished by this experiment, because neither the turgor nor the ionic environment of the root were changed by the applied pressure (14) . Previous experiments which showed rapid recovery ofgrowth when NaCI was removed from the roots (e.g. 11, 15) did not distinguish between these possibilities either, because removal of NaCl presumably causes rapid changes in both turgor and ionic contents of roots.
Such a message could be the supply of growth regulators. Cytokinins, which are made in the roots and transported upwards (16) , have been suggested to have a role in integrating shoot and root growth in water-stressed plants (reviewed in Refs. 1 and 2), and there are indications that production ofcytokinins is affected by salinity (9, 17) . Other growth regulators such as ABA could be involved.
